Abstract: Objective Melittin is the main peptide in bee venom and causes both persistent spontaneous nociception and pain hypersensitivity. Our recent studies indicated that both transient receptor potential (TRP) vanilloid receptor 1 (TRPV1) and canonical TRPs (TRPCs) are involved in mediating the melittin-induced activation of different subpopulations of primary nociceptive cells. Here, we further determined whether TRPC channels are involved in melittin-induced inflammatory nociceptive responses in behavioral assays. Methods The anti-nociceptive and anti-hyperalgesic effects of localized peripheral administration of three doses of the non-selective TRPC antagonist, propoxy]-4-methoxyphenyl}-1H-imidazole hydrochloride), were evaluated in melittin tests. Pain-related behaviors were rated by counting the number of paw flinches, and measuring paw withdrawal thermal latency (s) and paw withdrawl mechanical threshold (g), over a 1-h time-course. Results Localized peripheral SKF-96365 given before melittin prevented, and given after melittin significantly suppressed, the melittin-evoked persistent spontaneous nociception. Pre-blockade and post-suppression of activation of primary nociceptive activity resulted in decreased hypersensitivity to both thermal and mechanical stimuli applied to the primary injury site of the ipsilateral hindpaw, despite dose-effect differences between thermal and mechanical hyperalgesia. However, local administration of SKF-96365 into the contralateral hindpaw had no significant effect on any pain-associated behaviors. In addition, SKF-96365 had no effect on baseline threshold for either thermal or mechanical sensitivity under normal conditions. Conclusion Besides TRPV1, SKF-96365-sensitive TRPC channels might also be involved in the pathophysiological processing of melittin-induced inflammatory pain and hypersensitivity. Therapeutically, SKF-96365 is equally effective in preventing primary thermal and mechanical hyperalgesia as well as persistent spontaneous nociception. However, this drug is likely to be more effective in the relief of thermal hyperalgesia than mechanical hyperalgesia when applied 5 min after establishment of primary afferent activation.
Introduction
Transient receptor potential (TRP) channels are a superfamily of non-selective cation-permeable channels that play important roles in somatosensation, including Neurosci Bull April 1, 2012, 28 (2) : 173-181 174 nociception [1] [2] [3] . Based on amino acid sequence homology, the mammalian TRP channel family can be divided into seven subfamilies: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), TRPA (ankyrin) and TRPN (no mechanoreceptor potential C, or NOMPC) [2] . The TRPC subfamily members exhibit the highest homology to Drosophila TRPs and can be grouped into four subfamilies: TRPC1, TRPC2, TRPC3/6/7, and TRPC4/5, based on sequence homology and functional similarity [1, 3, 4] . TRPC channels are highly expressed in the central nervous system (CNS) [5, 6] and rodent lumbar dorsal root ganglion (DRG) [7] [8] [9] where the mRNAs of TRPC1, TRPC3 and TRPC6 are most abundantly expressed in adults. Immunohistochemical staining also detects TRPC1, C3, C4 and C6 protein expression in rat lumbar DRG and in cultured DRG neurons [8] , revealing the presence of TRPC channels in primary sensory neurons.
According to the mode of activation, TRPC channels are divided into receptor-operated and store-operated channels [10, 11] . Both play important roles in brain development, including neural stem cell proliferation and differentiation, neuronal survival, axon pathfinding, neuronal morphogenesis, dendritic development, synaptogenesis, and growth cone development [12] [13] [14] . TRPC channels are also implicated in the onset or progression of many neurodegenerative diseases, such as Parkinson disease, Alzheimer disease and Huntington disease [12] . Yet no conclusion has been reached concerning the roles of TRPC channels in primary afferent nociception.
The melittin model, a well-established model of inflammatory pain [15, 16] , was used in this study. Melittin is a robust, basic 26 amino-acid polypeptide which is the active component of whole bee venom [17] [18] [19] . Our group has found that subcutaneous (s.c.) injection of melittin into rats causes not only long-term spontaneous pain but also strong mechanical and thermal hyperalgesia [20, 21] . More recently, it was demonstrated that melittin activates primary nociceptive sensory neurons by activating TRPV1, via the phospholipase A2 (PLA2)-cyclooxygenases (COXs)/lipoxygenases (LOXs) cascade pathways, but not phospholipase C (PLC) signaling pathways [16] . Moreover, protein kinase A (PKA) was shown to be involved in the melittin-evoked activation of primary nociceptor cells, while PKC was not [16] .
Interestingly, about 65% of these melittin-sensitive cells are IB4-positive DRG cells [16] . However, a previous study suggested that DRG cells co-expressing TRPC1 and IB4 or TRPC3 and IB4 do not contain TRPV1, while those with TRPC4 or TRPC6 do contain both TRPV1 and IB4 [8] , implying that some IB4-positive nociceptor cells sensitive to melittin do not contain TRPV1. In one of our more recent studies, we found that SKF-96365, a non-selective TRPC channel blocker, inhibits the melittin-evoked Ca 2+ rise in 46.5% of primary sensory neurons [22] . Because SKF-96365-sensitive Ca 2+ transients are not mediated by activation of TRPV1 channels [8] , we proposed that the SKF- PWMT, the data were combined for further analysis. In general, the experimental order of these two measurements was randomized to rule out the effects of test order. The experimenters were blind to the treatment.
Quantitative analysis of spontaneous pain-related behaviors
The paw flinch test was conducted based on our previously reports [20, 21, 23] . Briefly, a 30 × 30 × 30 cm 
Quantitative measurement of thermal pain sensi-
tivity Thermal pain sensitivity was determined by measuring the PWTL in response to heat stimuli applied to the injected hindpaw. As described previously [20, 21, 23] , the rat was placed on the surface of a 2-mm thick glass plate covered 
Quantitative measurement of mechanical pain
sensitivity Mechanical pain hypersensitivity was tested according to previous descriptions [20, 21, 23] . Briefly, the rat (Fig. 1A) or the mechanical nociceptive threshold (Fig. 1B) .
In accord with our previous reports [20, 21] and by 100 µg was 44.37% (n = 6, P <0.001).
In the pre-treatment paradigm, this agent also remarkably suppressed the melittin-induced persistent nociceptive behavioral responses (Fig. 2C, D) . Similarly, the duration of this inhibition was about 20 min (Fig. 2C) . SKF-96365 treatment (100 µg in 20 μL) resulted in a 46.05% reduction of the mean total number of paw flinches (n = 5, P <0.001, Fig. 2D ).
SKF-96365 reverses melittin-induced primary heat
hyperalgesia To determine whether SKF-96365 reduces melittin-induced primary heat hyperalgesia, rats were subjected to radiant heat stimuli and the PWTL was recorded.
Consistent with our previous results, s.c. melittin injection resulted in a significant reduction of thermal latency in the ipsilateral hindpaw (Fig. 3A, C) . Post-administration of SKF-96365 at doses of 1, 10, and 100 µg increased the PWTL by 44.71% (n = 6, P <0.001), 46.60% (n = 5, P < 0.001) and 124.7% (n = 6, P <0.001) respectively (Fig. 3A) .
Similarly, pre-treatment with 100 µg SKF-96365 inhibited the melittin-induced primary heat hyperalgesia (Fig. 3C ).
The decrease in thermal latency at the SKF-96365 injection site was almost abolished and the PWTL value was increased by 74.81% compared with the vehicle control (n = 5, P <0.001). This indicated that SKF-96365 reversed the melittininduced thermal hyperalgesia at the primary injury site. However, SKF-96365 administration 5 min before or 5 min after melittin injection into the contralateral paw had little effect on melittin-induced reduction in PWTL (Fig. 3B, D) . which was consistent with our previous results [20, 21] . Post- These anti-nociceptive and anti-hyperalgesic actions of the drug were clearly local rather than systemic because local administration of SKF-96365 into the contralateral hindpaw had no effect on any of the pain-associated behaviors.
SKF-96365 was primarily identified as an inhibitor of
voltage-gated and receptor-mediated Ca 2+ entry [24] . However, it was also shown to be a potent blocker of voltagegated Ca 2+ channels (VGCCs) and TRP channels [25, 26] . Both TRPC3- [27] and TRPC6-mediated Ca 2+ entry can be blocked by SKF-96365 [28] [29] [30] . Moreover, SKF-96365 is believed to be a non-selective blocker of TRPC3/6/7 channels, leading to its wide use as a tool-drug for TRPC channels [3, 31] . As for the functional roles of TRPC channels in primary sensory neurons, it has been demonstrated that TRPC3 mRNA is expressed in 35% of DRG neurons that are almost exclusively small, IB4-positive non-peptidergic nociceptor cells that are largely TRPV1-negative [7] . Also, melittin, on one hand, can excite primary nociceptive sensory neurons by activating TRPV1 via PLA2-COXs/LOXs cascade pathways (but not PLC signaling pathways) [16] , while on the other hand, it can activate another subpopulation of DRG cells that is sensitive to SKF-96365 [22] , suggesting the involvement of TRPC and VGCCs. However, VGCCs are not likely to be involved in the melittin-evoked activation of nociceptor cells because the clamp voltage for inward current recordings was set at -70 mV under which VGCCs cannot be activated at all [16, 22] . It is also of interest that 65%
of the melittin-sensitive DRG cells are IB4-positive [16] .
However, DRG cells that co-express TRPC1 and IB4 or TRPC3 and IB4 were shown to be TRPV1-negative [8] , are not mediated by the activation of TRPV1 channels [8] .
We thus propose that the SKF-96365-blockable Ca 2+ transients and currents evoked by melittin are not mediated by TRPV1 but more likely by TRPC channels.
Possible roles of TRPC channels in mediation of
melittin-evoked persistent spontaneous nociception As shown in our previous behavioral and electrophysiological studies [15, 20, 21, [32] [33] [34] , melittin-evoked persistent spontaneous paw flinches are driven by persistent spike discharges of spinal dorsal horn pain-related neurons that are dependent upon the long-term activation of nerve terminals of primary nociceptive neurons in the primary injury site. As proposed above, melittin, which can directly activate PLA2 [15, 19] , recruits the production of both COXs and LOXs, leading to the opening of TRPV1 channels in a subpopulation of nociceptor cells [16] . Meanwhile, melittin, which can insert itself into the lipid membrane, causes pore formation that leads to the release of ATP and the activation of P2X channels and P2Y G protein-coupled receptors (GPCRs) [32] . Activation of GPCRs by melittin results in the production of diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3).
DAG is an endogenous activator of TRPC3/6/7 channels that are sensitive to SKF-96365 [31, [36] [37] , and this may serve as another route for melittin to activate the subpopulation participates in this process [16, 20] . Moreover, ATP receptors (P2X and P2Y) and mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 MAPK, are also involved in the sensitization of thermal nociceptors [32] [33] [34] [35] . Based on the present results, SKF-96365-sensitive TRPCs are also likely to be involved in the development of primary thermal hyperalgesia.
Unlike primary thermal hyperalgesia, the melittininduced primary mechanical hyperalgesia is not mediated by the activation and sensitization of TRPV1 [16, 20] or activation of the MAPKs (ERK, JNK, and p38 MAPK) [33] [34] [35] . Surprisingly, only ATP receptors (P2X and P2Y) are involved in this mechanical hyperalgesia [32] . It has been reported that activation of the P2Y 2 receptor, via G protein and stimulation of PLC, induces TRPC3/6/7 channel opening in rat cardiomyocytes [38] . As a new target, TRPCs might be important in the induction of primary mechanical hyperalgesia based on the following evidence: (1) TRPC6 is directly activated by stretch in non-neuronal cells [39] [40] [41] ; and (2) TRPC1 and TRPC6 channels cooperate with TRPV4
to mediate mechanical hyperalgesia and nociceptor sensitization under inflammatory conditions [42] . Accordingly, all these findings add strength to the pivotal involvement of SKF-96365-sensitive TRPC channels in the primary mechanical hyperalgesia induced by melittin.
Conclusion
Taken together with our previous results, besides TRPV1, SKF-96365-sensitive TRPC channels might also be involved in the pathophysiological processing of melittininduced inflammatory pain and hypersensitivity. As for therapeutic uses, SKF-96365 is equally effective in preventing the occurrence of primary thermal and mechanical hyperalgesia as well as persistent spontaneous nociception.
However, this drug is likely to be more effective in the relief of thermal hyperalgesia than mechanical hyperalgesia when applied 5 min after the establishment of primary afferent activation.
